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Abstract 
To utilize rare earth elements (REEs) as tracers in the weathering environment, an understanding of how these 
elements partition between aqueous and solid phases is essential. This study evaluates the partitioning between REEs 
and colloidal material over a range in pH (3.6-8.0) and solid and aqueous compositions. This paper presents results of 
filtration studies for REEs in 4 different conditions. Sample aliquots include an unfiltered fraction, a 0.45 μm filtrate, 
and an ultrafiltrate (~<0.005μm). Results show that the REEs behave conservatively in waters with pH below ~5.0. 
REEs tend to partition onto solid phases in circumneutral waters that have colloidal material, but the nature of the 
fractionation can vary from light REE enriched, heavy REE enriched, or no fractionation. 
 
© 2012 The Authors. Published by Elsevier B.V. 
 Selection and/or peer-review under responsibility of Organizing and Scientific Committee of WRI 14 – 2013. 
 
Keywords: rare earth elements; fractionation; water-rock interaction; ultrafiltration 
1. Introduction 
The use of rare earth elements (REEs) as geochemical tracers of water-rock interactions is a growing 
area of applied geochemistry. With the inductively coupled plasma-mass spectrometer (ICP-MS) analyses 
of REEs, generation of REE data has become routine such that the number of studies that utilize REEs 
has increased substantially in the past 15 years. Aqueous geochemistry REE studies include constraining 
weathering processes, determining redox conditions, evaluating source signatures in groundwater, 
constraining processes along flow paths, and identifying signatures of urban wastewater treatment plant 
effluent.  
Similar to many metals, the behavior of REEs in aqueous solutions can be described as a competition 
between the formation of stable aqueous complexes and the tendency of REEs to partition to solid phases 
either by adsorption or (co)precipitation. Solution chemistry plays an important role with the dominant 
inorganic ligands being carbonate, phosphate, sulfate, hydroxide, and fluoride. Other factors that 
potentially affect the partitioning between solid and aqueous phases include: pH, temperature, redox 
conditions, and the composition of solid phases.  
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Fig. 1. Map of United States displaying sampling sites. 
For most water-rock interaction studies, it is assumed that filtration removes all solid phases such that 
the filtrate represents the truly dissolved fraction. If fine particles, such as colloids, pass through the filter, 
then the filtrate is a mixture of dissolved and solid phases, which could lead to misinterpretation of the 
nature of water rock interactions. This paper presents results of filtrations studies for REEs in 4 different 
conditions. Sample aliquots include an unfiltered fraction, 0.45 μm filtrate, and ultrafiltrate (~<0.005μm) 
to evaluate the role of colloidal material on REE aqueous concentration data from a variety of water 
compositions.  
2. Methods and sample location 
Samples were collected at sites with a variety of water types (Fig 1). Handcart Gulch, CO (HCG) and 
Uncle Sam Gulch, MT (SAM) are acidic, Ca-SO4 waters with HCG being natural acid-rock drainage and 
SAM a mine drainage impacted alpine stream [2,4]. The pH 3.05 mine effluent enters Uncle Sam Gulch 
lowering the stream pH to 3.58, and with the addition of circumneutral ground and surface waters the pH 
increases to 6.62 over a 2 km distance. Four samples were collected along this reach (pH 3.58, 4.18, 5.13, 
and 6.62). In HCG and SAM, acid waters are the primary source of REEs. The Red River, NM (RR) is a 
circumneutral, Ca, Mg, SO4, HC03-type river that flows through a mineralized and mined watershed, near 
Questa, NM [5]. Boulder Creek, CO samples were collected upstream and downstream of the Boulder 
wastewater treatment plant (WWTP). Upstream of the Boulder WWTP the stream water is circumneutral, 
Ca, Mg, HCO3-type water, and downstream of the WWTP the reach is dominated by effluent and is 
circumneutral, Ca, Na, HCO3, SO4 type [5]. Upstream of the treatment plant, weathering of sedimentary 
bedrock is the primary source of REEs, and downstream of the WWTP, the REE content is dominated by 
the WWTP effluent. 
For all sample sets, water temperature and pH were determined on site. Two-liter representative 
samples were collected and transported to a field laboratory, then filtered and preserved, generally within 
3 hours of collection. An unfiltered sample was collected and 2 filtered samples: one through 0.45 μm 
filter and a second using a tangential-flow unit with 10,000-Dalton molecular-weight membranes 
equivalent to ~0.005 μm pore size [1]. The unfiltered sample is referred to as total because it includes the 
dissolved and particulate fraction. The 0.45 μm filtrate includes the dissolved and colloidal fraction, and 
the tangential-flow filtrate is the dissolved fraction, such that the difference between the 0.45 μm filtrate 
and the tangential-flow filtrate is the colloidal fraction. Complete water analyses were determined 
following methods outlined in Verplanck et al. (2004) [2] with REE determination by ICP-MS using 2 
REE standard reference waters [3].  
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Fig. 2. Rare earth element diagrams with REE concentrations normalized to North American Shale Composite 
(NASC). (A) Handcart Gulch samples, (B) Uncle Sam Gulch samples with pH of 3.68, 4.18, and 5.13, (C) Uncle Sam 
Gulch sample with pH of 6.62, (D) Red River sample, (E) Boulder Creek sample from upstream of the WWTP, and 
(F) Boulder Creek sample from downstream of the WWTP. Filled symbol: unfiltered aliquot, symbol with cross: 
0.45μm filtrate, open symbol: ultrafiltrate. 
3. Results and discussion 
To evaluate the potential for REE fractionation in aqueous solutions, 4 sites with a range in aqueous 
and solid phase chemistry (pH from 3.2 to 8.0, overall water chemistry, REE content, REE patterns, and 
composition of solid phases) were selected. In the more acidic samples (pH 3.24 to 5.13, Fig 2A and 2B), 
the total, 0.45 μm filtrate, and ultrafiltrate have nearly identical REE patterns, documenting that the REEs 
remain in the dissolved phase at pH values less than 5.1. In these samples, fresh Fe and Al precipitates are 
present (for example at SAM pH 5.13: Fe(total)= 1.07 mg/L and Fe(dissolved)=0.224 mg/L; Al(total)= 2.04 mg/L 
and Al(dissolved)=0.436 mg/L), but the REEs do not partition on to them.  
The REE patterns of aliquots of the most downstream site at Uncle Sam Gulch (pH 6.62, Fig 2C) 
display significant differences between the 3 aliquots. When comparing the REE patterns, the ultrafiltrate 
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(dissolved fraction) pattern displays substantially less heavy REEs (HREEs) compared to the unfiltered 
aliquot, and the light REEs (LREEs) were less depleted in the ultrafiltrate compared to the unfiltered 
aliquot. One way to quantify this is with the ratio of the ultrafiltrate concentration (LaU; the dissolved 
fraction) to the 0.45 μm filtrate (La0.45; the dissolved fraction plus colloidal fraction) with La representing 
the LREEs and Yb representing the HREEs. For this sample LaU/ La0.45=0.93 and YbU/ Yb0.45=0.64. Thus, 
the REEs are fractionated in this environment and the HREEs partition to the solid phase to a greater 
degree than the LREEs.  
For the Red River sample (pH 7.89), the REE concentrations of the 3 aliquots are substantially 
different, but the overall patterns are similar (Fig 2D). The REEs partition from the dissolved phase to the 
solid phase, but are not fractionated, with LaU/ La0.45=0.84 and YbU/ Yb0.45=0.86 being virtually identical. 
The REE patterns for the 2 Boulder Creek samples, upstream and downstream of the WWTP, have 
distinctly different REE patterns with the downstream sample having a pronounce Gd enrichment (Fig 2E 
and 2F). Previous work has documented Gd enrichment in the WWTP effluent, and this excess Gd is due 
to the use of very stable Gd-organic complexes as contrasting agents in magnet resolution imagery (MRI) 
[6]. With the exception of Gd, for both sites, the unfiltered aliquots have greater REE concentrations (by a 
factor of ~10) than the filtrates and the HREES are less depleted than the LREEs in the ultrafiltrate. For 
the upstream and downstream samples, the LaU/ La0.45 are 0.21 and 0.19 and YbU/ Yb0.45 are 0.51 and 0.65 
respectively.  In contrast to the lowermost SAM sample (Fig 2C), the LREEs display greater partitioning 
to the solid phase than the HREEs. 
4. Conclusions 
This data set highlights the complexity of using REEs in constraining water-rock interactions. Because 
REEs are a family of elements with slightly different chemical structures, they have the potential for 
being useful tracers of geochemical processes, but these slight differences can lead to a range in behavior 
which may confound data interpretations. REEs behave conservatively in waters with pH below ~5.0. 
REEs tend to partition onto solid phases in circumneutral waters that have colloidal material but the 
nature of the fractionation can vary from LREE enriched, HREE enriched, or no fractionation. Two 
factors likely control the fractionation: solution chemistry and colloidal composition. 
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